Abstract. Transforming growth factor-α (TGF-α) is upregulated in advanced stages of prostate cancer and strongly correlated with metastasis. However, the effect of TGF-α on epithelial-mesenchymal transition (EMT) in prostate cancer and the underlying mechanisms remain unclear. Recently, microRNAs have emerged as new regulators of EMT. This study found that treatment of DU145 cells with TGF-α suppressed the expression of epithelial marker E-cadherin and increased the expression of mesenchymal marker Vimentin as well as changed the cell morphology from cobblestone shape to spindle shape. The level of miR-124 was downregulated by TGF-α in several different cancer cell lines. Enforced expression of miR-124 abolished TGF-α-induced EMT. Slug was proven to be a target of miR-124 and mediated the inhibitory effect of miR-124 on TGF-α-induced EMT. Furthermore, overexpression of miR-124 reduced the migratory and invasive capacity of TGF-α-treated DU145 cells. In conclusion, our findings suggest that miR-124 inhibits TGF-α-induced EMT in DU145 cells by targeting Slug. Thus, miR-124 may be a potential target for prostate cancer therapeutic intervention.
Introduction
Prostate cancer is the sixth leading cause of cancer-related death in men in the world (1) and the second in the USA (2) . The number of men diagnosed with prostate cancer is increasing every year, especially in the developing country. Although most of the patients survive the initial stage of prostate cancer with androgen ablation therapy, with tumor progression, it may gradually metastasize to other organs, which lead to poor prognosis and quick death.
Epithelial-mesenchymal transition (EMT) is now viewed as a crucial process during tumor progression and metastasis (3) . EMT is characterized by remarkable cell morphology change from epithelial round phenotype to mesenchymal spindle-shaped phenotype. The process involves downregulation of cell adhesion/junction proteins, such as E-cadherin and Zonula occludens (4, 5) , as well as upregulation of mesenchymal and ECM degradative proteins such as Vimentin, N-cadherin and MMPs (6, 7) , which results in loss of cell-cell adhesion and increased migratory capacity that contribute to cancer metastasis (8) . Many factors promote cancer cell invasion and metastasis by inducing EMT, such as transforming growth factor (TGF) β, platelet derived growth factor (PDGF) D and fibroblast growth factor (FGF) (4, 9, 10) . However, the role of TGF-α in the process of EMT and the mechanism remain to be elucidated.
TGF-α and its receptor epidermal growth factor receptor (EGFR) are crucial oncogenes in the development of different cancers (11, 12) , including prostate cancer (13) . Compared with benign prostate epithelium, TGF-α mRNA and protein levels are increased in carcinoma cells (13, 14) . Interestingly, studies have shown that compared with the early-stage localized tumors, TGF-α expression is more abundant when prostate cancer metastasizes (13, (15) (16) (17) . However, a reason for the strong correlation between TGF-α expression and high-invasive capacity has not been elucidated. Here we report TGF-α was able to induce EMT in prostate cancer.
MicroRNAs (miRNAs) are small non-coding RNAs that can sequence-specifically bind to the 3'-untranslated regions of target mRNAs resulting in mRNA destruction or translational inhibition (18) . Growing evidence suggests that miRNAs are important regulators of EMT. Upregulation of miR-9 provokes the development of EMT (19) . Downregulation of miR-200 contributes to PDGF-D induced EMT. However, the involvement of miRNAs in TGF-α-induced EMT has not been elucidated.
In this study, we showed that TGF-α, frequently upregulated in advanced prostate cancer, is able to incuce EMT in DU145 cells. Downregulation of miR-124 is ubiquitous in TGF-α treated cancer cells and contributes to TGF-α-induced EMT by targeting Slug. This study indicates that miR-124 may be a promising therapeutic candidate for prostate cancer metastasis.
Materials and methods
Cell culture. DU145, HepG2 and Hu7 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). MKN-45, MDA-MB-231, HCT15 and PA1 cell lines were purchased from Cell Resource Center, IBMS, CAMS/PUMC (China). Cells were cultured in RPMI-1640 medium containing 10% FBS and 1% penicillin/streptomycin, and maintained under the conditions of 37˚C with 5% CO 2 and 95% air.
Tansfection of miRNAs. DU145 cells were transiently transfected with miR-124 mimics or miR-124 inhibitors or negative control (RiboBio Co., Ltd., Guangzhou, China), using Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer's instructions. Briefly, cells were trypsinized and seeded in 60-mm dishes 24 h before transfection. The Opti-MEM serum-free media was used to dissolve the transfection mixture. After 24 h of transfection, the media were removed and RPMI media containing 10% FBS and 1% penicillin/streptomycin was added to the cells.
Western blot analysis. The procedure of western blot analysis was described previously (20) . In brief, cells were washed by PBS several times and harvested using RIPA lysis buffer with protease inhibitor. Protein concentration was determined using BCA reagent (Beyotime Institute of Biotechnology, Nanjing, China) according to the manufacturer's protocols. Equal amounts of proteins (60 µg) were electrophoresed in 12% SDS-PAGE gels and transferred to the nitrocellulose membranes. After being blocked with 5% milk for 2 h at room temperature, the membranes were incubated with primary antibodies for E-cadherin, Vimentin, Slug and Tubulin (Cell Signaling Technology, USA) overnight at 4˚C. Tubulin was used as an internal control. The bands were detected with ECL reagents and analysed by Quantity One software.
RNA extraction and real-time RT-PCR.
Total RNA was extracted using TRIzol reagent (Gibco, Invitrogen, Carlsbad, CA, USA). Then 1 µg of extracted RNA was used for reverse transcription and the obtained cDNA was used in real-time PCR. The specific RT-PCR primers for miR-124 and U6 were purchased from Ribo (RiboBio Co., Ltd.).
Immunofluorescence staining. We performed immunofluorescence staining on DU145 cells to determine Vimentin expression. Firstly, cells were fixed with 4% paraformaldehyde for 15 min followed by permeabilized with 0.1% Triton X-100 for 10 min. Then cells were blocked with 10% goat serum (in PBS) blocking solution for 1 h followed by incubation with Vimentin antibodies at a dilution of 1:100 at 4˚C overnight. At the end of the incubation, cells were washed and incubated with FITC-conjugated secondary antibody for 1 h. PI was added to the cells for another 10 min. Cells were observed and images were captured by fluorescence microscopy.
Luciferase reporter assay. Luciferase reporter assay was done as previously described (21) . Briefly, cells were seeded in a 96-well plate and transfected with plasmids. Twenty-four hours after transfection, cells were harvested and Firefly and Renilla luciferase activities were measured using Luciferase Reporter Gene assay kit of Beyotime (China). Renilla luciferase was used as an internal control and the RLU (relative light unit) ratio of Firefly luciferase relative to Renilla luciferase was calculated.
Wound healing assay. DU145 cells were seeded in 6-well plates to achieve 90% confluence. Twenty-four hours after transfection, a vertical wound was created using a 200-µl pipette tip. Then the cells were washed with PBS for three times and medium without serum was added into the wells. After 24-h incubation, the wound was observed and random fields in each well were selected for imaging. The images were analysed by ImageJ and the distance of wound closure was used to estimate the migration ability.
Migration and invasion assay. Cell migration and invasive ability was evaluated using 24-well transwell plates. For migration assay, 24 h after transfection, 5x10 4 cells per well were seeded into the top chamber and maintained in serum-free medium. Medium (600 µl) containing 10% FBS was added into the bottom chamber. After incubated for 24 h at 37˚C, cells that migrated through the pore polycarbonate membrane were fixed with methanol and stained with Giemsa. Then the migrated cells were observed and images were captured using microscopy. For invasion assay, before cell seeding, the Matrigel were diluted in serum-free medium at the concentration of 1 mg/ml. Diluted Matrigel (100 µl) per well were added into the top chamber and incubated for 4 h at 37˚C. The following procedures were the same as in the migration assay.
Statistical analysis. The experiments in this study were repeated at least three times and values were expressed as mean ± SEM. The results were analyzed by One-way ANOVA accompanied with Turkey multiple-comparisions test (GraphPad Prism version 5.0). Student's t-test was used for the comparison between two groups. P<0.05 was considered as statistically significant.
Results

TGF-α induces changes in morphology and EMT related markers of DU145 cells.
To identify the possible effect of TGF-α on the progression of prostate cancer, we treated DU145 cells with 50 ng/ml TGF-α. At 0, 12 and 24 h after TGF-α treatment, images of the morphology of cells were taken by microscopy. Intrestingly, we found that TGF-α induced a remarkable morphological change from the round and cobblestone form to the long fusiform shape (Fig. 1A) , reminiscent of EMT, an important process in cancer development. To further confirm whether TGF-α could induce EMT in DU145 cells, we assessed the expression levels of EMT related markers using western blot analysis. We found that the expression of E-cadherin, an epithelial marker, was significantly decreased after TGF-α treatment, whereas Vimentin, a mesenchymal marker, was increased concomitantly (Fig. 1B) . Similar results were obtained from immunofluorescent staining (Fig. 1C) . These data suggest that TGF-α is able to induce EMT in DU145 cells.
Downregulation of miR-124 is ubiquitous in TGF-α treated cancer cells.
To test whether miR-124 could contribute to TGF-α-induced EMT, we first detected miR-124 levels using real-time RT-PCR in DU145 cells. After TGF-α treatment for 24 h, the expression of miR-124 was significantly decreased compared with control group (Fig. 2A) . To further confirm the effect of TGF-α on miR-124 expression, TGF-α was applied to gastric cancer MKN-45 cells, breast cancer MDA-MB-231 cells, colon cancer HCT15 cells, ovarian teratocarcinoma PA1 cells, liver cancer HepG2 cells and Hu7 cells. As expected, the levels of miR-124 was significantly decreased by TGF-α in all of the six different cancer cell lines (Fig. 2B) . These results indicate that miR-124 may function as a key downstream effector of TGF-α in cancer cells.
Overexpression of miR-124 inhibits TGF-α induced-EMT in DU145 cells.
The effect of miR-124 on TGF-α-induced EMT was evaluated by western blot analysis. Treatment with 50 ng/ml TGF-α on DU145 cells led to a significant EMT change as indicated by E-cadherin and Vimentin protein levels. Overexpression of miR-124 inhibited TGF-α-induced downregulation of E-cadherin and upregulation of Vimentin, whereas transfection with microRNA negative control had no effect on these proteins (Fig. 3A) . In addition, we found that TGF-α treated DU145 cells with miR-124 overexpression displayed round-like morphology, indicating acquisition of mesenchymal-epithelial transition (MET) phenotype (Fig. 3B) . The above results indicate that overexpression of miR-124 is able to reverse TGF-α-induced EMT. expression of E-cadherin and the EMT process of cancer cells. Computational analysis using the miRNA TargetScan predicted that Slug might be a target of miR-124. The 3'-UTR of Slug mRNA contains 3 binding sites for miR-124 in humans (Fig. 4A) . A previous study has proved that Slug could be regulated by miR-124. In this study, we sought to test whether or not miR-124 could inhibit TGF-α-induced EMT via regulating Slug. First we confirmed the regulation of Slug by miR-124 using luciferase assay. The results showed that miR-124 markedly suppressed the luciferase activity of Slug 3'-UTR luciferase vector (Fig. 4B) . In DU145 cells, TGF-α treatment induced significant upregulation of Slug expression as indicated by western blot analysis, whereas overexpression of miR-124 abolished this effect (Fig. 4C) . These data suggest that miR-124 may inhibit TGF-α-induced EMT by regulating Slug.
Involvement of Slug in miR-124-mediated suppression of TGF-α-induced EMT. Slug was reported to regulate
Overexpression of miR-124 inhibites migration and invasion of TGF-α treated DU145 cells.
EMT is a major process leading to increased migration and invasive ability in cancer cells. The migration ability of DU145 cells was first assessed by wound healing. The migration rate of TGF-α-treated cells significantly increased compared with control group, while overexpression of miR-124 obviously attenuated cell movement (Fig. 5A) . Moreover, migration assay was also used to evaluate the migration ability. We found that tranfection of miR-124 markedly reduced the amount of migrated cells induced by TGF-α (Fig. 5B) . Additionally, miR-124 overexpression resulted in a significant repression of the invasion ability as evidenced by the invasion assay (Fig. 5B) . These results clearly indicate that re-expression of miR-124 suppresses migration and invasion of TGF-α treated DU145 cells. 
Discussion
The epidermal growth factor receptor (EGFR) and two of its ligands, epidermal growth factor (EGF) and TGF-α are frequently overexpressed and play a central role in the development of prostate cancer. Studies have reported that the progression of prostate cancer from androgen-dependence to androgen-independence involves a 'switch' in the synthesis from EGF to TGF-α. In the localized prostate cancer, EGF is more abundant than TGF-α. When the disease develops to advanced, metastatic stages, the expression of TGF-α increases and EGF decreases, indicating that TGF-α may play a more important role in cancer progression and metastasis. It is now recognized that carcinoma cells undergo a process called EMT to acquire migratory properties. Therefore, in this study, we determined if TGF-α is able to induce EMT in prostate cancer. Our data showed that treatment of DU145 cells with TGF-α induced a dramatic cell morphological alteration that is similar to EMT. Moreover, western blot results showed the expression of E-cadherin was downregulated and the expression of Vimentin was upregulated, which are consistent with the characteristics of EMT. MicroRNAs are thought to play important roles in a wide variety of biological processes. Aberrant expression of miRNAs is often involved in the pathogenesis of human diseases, such as cardiovascular disease (22) , infection (23) and tumor (24) . Genomic profiling and expression studies found a global downregulation of miRNAs in many cancers. The expression of miR-124 was found to be downregulated in various tumors, including breast cancer (25) , gastric cancer (26) and prostate cancer (27) , indicating miR-124 may function as a negative regulator of cancer progression. A previous study reported that miR-124 inhibited proliferation of prostate cancer cells by targeting the androgen receptor (27) . In this study, we found that the expression of miR-124 was reduced in TGF-α treated DU145 cells. Recent studies have reported that microRNAs, especially miR-200 family, acted as a key regulator of EMT. MiR-200 family and miR-205 were significantly suppressed in cells undergoing EMT and forced expression of miR-200 family was able to initiate MET, the reversed process of EMT, via downregulating transcription factors ZEB1 and SIP1 (28) . Besides miR-200 family, miR-9 led to EMT-like tranformation and increased cell invasive ability by directly targeting E-cadherin (19) . Mir-30a was found to target Snail, a transcription repressor of E-cadherin, leading to EMT induction (29) . Interestingly, microRNA could also affect the process of EMT by regulating expression of other microRNAs. As an example the miR-103/107 family, which directly targeted Dicer, resulting in decreased miR-200 levels and EMT occurrence (30) . A previous study by Liang et al showed that miR-124 could regulate the process of EMT in breast cancer MDA-MB-231 cells (31) . Since in this study, we have proven that TGF-α was able to induce EMT and reduce miR-124 expression in DU145 cells, it is tempting to speculate that miR-124 may mediate TGF-α-induced EMT. Our results showed that transfection of DU145 cells with miR-124 before TGF-α treatment significantly increased the expression of epithelial marker E-cadherin and decreased the expression of mesenchymal marker Vimentin, suggesting that the reduction miR-124 contributed to TGF-α-induced EMT and re-expression of miR-124 could lead to the reversal of TGF-α-induced EMT. Several transcription factors have been validated as pivotal inducers of EMT, including ZEB1 (32), ZEB2 (33), Twist (34), Snail (35) , and Slug (36) . Slug is a zinc-finger transcription factor known to repress endogenous E-cadherin expression by binding to E-box elements within the promoter. Upregulation of Slug has been shown to play an important role in the induction of EMT (37) . Studies have confirmed the regulation of Slug by miR-124 using luciferase reporting assay (31, 38) . Liang et al (30) have proven that miR-124 could regulate EMT by targeting Slug in breast cancer cells. However, whether or not Slug could mediate the inhibitory effect of miR-124 in TGF-α-induced EMT is unknown. In this study, we found that Slug was significantly increased in response to TGF-α treatment and transfection of miR-124 inhibited Slug expression, suggesting Slug is a downstream effector of miR-124 in TGF-α-induced EMT.
Cancer cells that undergo EMT often have an increased migratory and invasive capacity (39) , and the overexpression of miR-124 led to the reversal of TGF-α-induced EMT. In this study, our data indicated that transfection of DU145 cells with miR-124 significantly inhibited cell migration and invasion induced by TGF-α, indicating overexpression of miR-124 led to a less invasive cell phenotype, which was consistent with MET characteristics.
In conclusion, we found that TGF-α is able to induce EMT in DU145 cells, which may provide a reason for the EGFR ligand switch in the late stage of prostate cancer. Downregulation of miR-124 contributes to TGF-α-induced EMT and re-expression of miR-124 could reverse this process. In addition, miR-124 overexpression reduces cell migratory and invasive ability in TGF-α treated cells, the underlying mechanism involves the downregulation of Slug. These results provide evidence that miR-124 may be a potential therapeutic target for advanced prostate cancer.
